The experimental site of the Department of Meteorology of Freiburg University at the Hartheim pine stand is first described. There, since 1973 long term measurements of net radiation and its components have been carried out. In addition we have been monitoring the different heat fluxes and components of the forest water budget.
Introduction
The project "Radiation, heat and water balance climatology of a pine stand near Hartheim" started in 1973. Our objective was to monitor the net radiation and its components, the turbulent heat fluxes as well as the storage terms in the stand and the soil and other meteorological data over long term periods. In addition we are evaluating all the components of the water budget of a forest ecosystem. In this context the typical features of the climatological variations of the above mentioned parameters are studied. Moreover we try to give a response to the question whether the heat and water balance components are related to modifications and changes in the silvicultural ecosystem, caused by stand growth, thinnings or influences of weather and climate.
At present we do not have many such data sets (Miller, 1981; Kessler, 1985a; Hantel, 1989; Baumgartner, 1990) . But these data are necessary for investigating global climatic change and its impact on the ecology of the planet earth.
From May 11th to 24th 1992 a special operation period was carried out within the framework of the REKLIP experiment at the Freiburg University Department of Meteorology climatological pine stand site at Hartheim. This intensive measurement campaign was called Hartheimer Experiment (HartX) . Scientific intentions were: investigation of the soil-plantatmosphere interaction at a long term well monitored site with particular interest to the energy and mass fluxes; comparisons of methods, redundant measurements and investigation of the relations to the arable land surrounding the forest.
The Regio Klima Projekt (REKLIP) has been ongoing since the year 1991 in the southern part of the rift valley of the Upper Rhine on the territories of Germany, France and Switzerland (Parlow, this issue) .
The feature of HartX was that further international researchers took part besides the working groups of REKLIP. The results of the investigations of these different groups are jointly published in this special issue of TAC. The following experimentalists are engaged in Meteorology, Climatology, Hydrology, Biology, Forestry and Physical Geography: In the following we use the abbreviations in parentheses.
The Experimental Site
The experimental site is located in the lower part of the Upper Rhine valley near the village of Hartheim, 20 km south-west of Freiburg (see Fig. 1 and Fig. 2 ). Detailed site descriptions have been given earlier (Jaeger, 1978; Schott, 1980; Merkel, 1987; Kessler et al., 1988) . Geographical coordinates are 47° 56' N, 7° 37' E and the altitude is 201 m above sea level. The area is a highly uniform flood plain (Fig. 2) . The approximate dimension of the forest is 10000 m (N-S) and 1500 m (W-E). Using a tower height to fetch relationship of 1 :100, the site has sufficient fetch in the prevailing wind direction (SSW). The minimum fetch is 1 :30. Due to river regulation and the sealed Rhine bypass channel the groundwater table has dropped to 7 m below the surface. Groundwater uptake by the trees is not possible. The site is considered to be an ideal place to carry out radiation measurements. The view of the horizon is reduced by values of less than three degrees.
Some remarks should be made concerning the biometrical data of the Hartheim pine plantation. Different findings resulted from a) the different formulations of the question by the investigators, b) different methods of determination and c) inhomogeneities of the measurements in time.
The best investigated data set given by MIF are the mean stand heights (Fig. 4) . It is the only homogeneous data set to characterize the development of the stand. Eight pilot trees are measured twice a year giving the mean stand height. During HartX we had a mean stand height of 11.5 m (range 10-14 m).
In 1992 the trees (pinus sylvestris) were 33 years old. Cultivation work reduced the number of trees per hectare in the years 1970/1971, 1981/1982 and 1991/1992 (Fig. 4) . During HartX the mean stand density was 5600 trees per hectare related the total Hartheim pine plantation area. The tree density of all living trees with a diameter at breast height of at least 5 cm was 3873 trees per hectare related to an area of 3000 m 2 around the towers were we had five plots of evaluation (BITOK and CEREG The LAI of the understory during HartX was estimated to amount to 1.5 (Wedler et al., this issue) .
For the year 1979 Kiinstle et al. (1979) reported a biomass value (dry matter) of the pinus sylvestris stand of 4.36 kg/m 2 . With a mean biomass specific weight of 470 kg/m 3 a biomass layer of 0.93 cm in thickness was estimated. In 1992 KOstner (BITOK) reported 6.6, 7.3 and 8.6 kg/m 2 , depending on the methods used (e.g. As a result of the uniform moistening of the canopy during the course of the year -every second day we observe precipitation occurrencethe interception in the summer and in the winter season is nearly equal. Interannual changes are also very small. The ratio of summer transpiration to winter transpiration is 2.6. Oscillations from year to year of the transpiration amount are in the same magnitude as the precipitation variations.
From May 12th till the end of the experiment the HartX area was influenced by an anticyclone. On May 17th the local airmass was replaced by somewhat dryer and cooler air (Fig. 5) . On the late afternoon of May 22nd a distant thunderstorm yielded 2.8 mm of precipitation.
During HartX exceptional clear sky conditions prevailed (Fig. 7) . From May 13th to May 19th at 58% of the hourly times zero cloud cover was observed. During the rest of the time isolated Ci fib and Cu hum clouds (above the Black Forest and the Vosges) occurred. But the direct solar radiation at the site itself was influenced by the cumulus clouds only rarely. In May 1992 a daily mean temperature of 16.5 °C was observed, which was nearly 3 °C warmer than the climatological mean. The HartX period (May 11th to 24th) was extraordinarily warm, showing a daily average temperature of 18.2 °C. During this month only half of the long term amount of precipitation was recorded, coming up to 40.4 mm. During HartX we noticed five days of precipitation (May, 1 1 th, 20th, 21st, 22nd and 24th), yielding a sum of only 3.5 mm. Sturm et al. (this issue) report on the measurements of soil moisture below the pine stand during the year of 1992 and during HartX.
The Net Radiation and its Components
There are several investigations concerning the radiation conditions at the Hartheim site (Jaeger and Kessler, 1980; Kessler, 1985b; Keding, 1989; Lehn, 1991; Kessler and Jaeger, 1994) . The net radiation and its components have been measured by means of pyranometers (solarimeters) and by Rn net all-wave radiation, Rs ,l, total downward solar radiation (global radiation), Rs I reflected solar radiation (reflected global radiation), R1 , 1, downward atmospheric long-wave radiation (counter radiation), R1 i total of the upward terrestrial long-wave thermal radiation and the atmospheric long-wave radiation reflected at the surface. Table 3 shows mean daily totals of all components of the net radiation during HartX cornpared to the long term values. Table 4 gives mean hourly totals and Fig. 6 shows the pattern during HartX. Gay et al. (this issue) discuss further measurements of Rn during the year of 1992 (Table 5) . The daily totals of the global radiation R.J. during HartX are 51% higher than the long term mean value. During the cloudfree period of May 13th to May 19th 1992 (Fig. 7) this even rises to 62% (!). In contrast, the daily totals of downward atmospheric long-wave radiation R 1 ,1, lies under its long-term means, due to low vapour pressure and reduced cloudiness.
It should be pointed out (Table 4) , that during HartX the hourly totals of the upward thermal radiation R1 show higher values and the atmospheric radiation R1 1 show smaller values than the long term mean values. This leads to the fact, that the long-wave radiation loss of the forest at night R"= (R1 1-R1 ) is twice as much during HartX compared to the long term mean value.
The daily maxima of Rs and R" decreased from May 12th to May 17th due to the increasing atmospheric turbidity (Fig. 6) . After the replacement of the airmass at May 17th /CI, and R" reached their former extreme values again. Note, that the minima of R=(Ri l -R1 1) during the nights decrease continuously till May 19th when the net radiation dropped below -100 Wh/m 2 . This is due to the progressive heating of the stand during the daytime insolation relative to the reduced heating of the atmosphere. The progressive water vapour reduction simultaneously reduces the longwave incoming radiation.
The Energy Balance
To describe the energy fluxes at canopy height we use the following simplified energy balance equation. All flux densities are defined as being positive, if they transport energy to the reference level (outer active layer of the pine stand): Besides the meteorological and hydrological methods presented above further special estimates including biological methods were carried out during HartX (sonic and one-propeller eddy correlation systems, interchanging Bowen ratio energy system, sap flow measurements, lysimeters).
The water balance equation is formulated as follows:
E=P-S+ASM, (6) with E evapotranspiration, P precipitation, S percolation, A SM change of soil moisture.
As percolation is assumed to be negligible at the Hartheim pine stand (Hadrich, 1979) , the determination of E is reduced to the recording of the precipitation P above the canopy (Jaeger, 1984a) and the measurement of the water content in the soil (Sturm et al., this issue) . Table 5 and Fig. 8 present the mean yearly pattern of all fluxes over the period 1974-1988. Here, the flux of latent energy AE was estimated by means of the water balance method (b) and H was calculated in a subsequent step by means of the heat balance equation (d). During our estimates (Kessler et al., 1988) we discovered, that the Bowen ratio-energy balance method (a) frequently yields too high totals for .1,E, giving > It should be pointed out that in the dry region of the southern Rhine valley plain the latent heat flux 2E of the pine forest rises to its maximum in the early months of the summer season. During this time soil water availability is usually not limiting, the vapour pressure of the air is relatively low (Kessler and Jaeger, 1994) and energy consumption for evaporation can be well supplied by R. These conditions all favour a high evapotranspiration.
The maximum of the flux of sensible heat H is shifted to the late summer months, when the soil moisture is close to the wilting point (Kessler et al., 1988; Sturm et al., this issue ) and the net radiation shows high values. During two monthsJuly and August -the turbulent sensible heat flux mean H exceeds the mean of 2E. In September the latent heat flux shows a second, smaller peak (Fig. 8 ) when more soil water becomes available in fall, associated to sufficient net radiation values. Whereas R", H and (G J) show only one maximum, the yearly pattern of the latent heat flux shows two peaks due to the drying out of the soil, like the Mediterranean type of the yearly 2E-pattern (Kessler, 1985a) .
Considerably high values of AE are observed above the pine stand during the winter season, because the transpiration ET, in coniferous forests is not stopped in winter. Moreover the Table 2 ). The net radiation R" in winter is estimated to be near zero (Fig. 8) . Thus, the amount of E must be alimentated essentially by the flux of sensible heat H directed to the canopy, as the soil-stand heat flux (G J) is small, too. Table 5 also presents the energy balance measurements during summer 1992 (May 11 th to October 14th; see Gay et al., this issue) . With the exception of May 1992 the values and therefore the pattern are quite the same as the long term values despite different weather conditions.
The comparison of the heat fluxes in May shows, that HartX represents a period which is exceptional in every respect (Table 5 ). The clear sky conditions during HartX offered ideal conditions to carry out comparative estimates of the evapotranspiration E in relation to comparative estimates of the flux of latent energy. Unfortunately we are not able to apply these results to normal weather conditions. The mean windspeed was very low during HartX (Fig. 5) . Thus the dependence of the different methods in determining the turbulent flux of latent heat on the windspeed could not be studied adequately.
Finally we present in Table 5 estimates of the energy balance data of the HartX days May 12th to 22nd (H and AE from Gay et al., this issue) . It should be pointed out that over these days the term AE of the forest does not exceed substantially the normal level for the month of May, though we observed an over-normal high gain of 12,,-values and a relatively high content of soil moisture (Sturm et al., this issue) , thus H 2E. In other years H AE is observed only in the late summer when the soil moisture is low.
This effect of reduction to the evapotranspiration steered by the forest cannot be observed above a grass surface in the surroundings, 3.2 km south-east of the Hartheim station (Wicke and Bernhofer, this issue) . From May 17th to 22nd the grass evaporated nearly twice the amount of water than the forest in spite of a lower net radiation above grass compared to that of the forest. Unfortunately we have no soil moisture measurements of this site, so a detailed comparison of the two surface types is not possible.
The question concerning the pine forest is indeed whether the water conduction systems of the trees reached the upper limits of its efficiency during the HartX period with its extraordinarily high net radiation values, high water vapour saturation deficit of the air and high values of soil moisture. We would suggest that the pines in Hartheim were adapted to their climate during the last 30 years. And that they could not react according to the supply of water and energy and to the atmospheric conditions during a relatively short and exceptional weather situation.
Conclusion
The aims of the long-term investigations at the Hartheim site of the Department of Meteorology of Freiburg University are measurements of the radiation, energy and water budgets of a pine forest. We calculate long term daily and yearly patterns, the interannual variability, the influence of weather conditions on the budget terms, and similar climatological influences. Furthermore we aim to investigate the influence of alterations to the forest ecosystem caused e.g. by stand growth, clearances or other forest management effects etc.
A project like that requires a restriction of the measurements to the main components if one intends to perform it for years or even decades. Besides that special operation periods are necessary to solve particular problems in short time scales. In May 1992 such a period was carried out (HartX 92) jointly by meteorologists, hydrologists, biologists and geographers. In addition to the routine monitoring of the Meteorological Institute special measurements were undertaken in the summer of 1992.
Essentials of the HartX campaign seen from our point of view are: a) Measurements of the latent heat flux using several independent methods (energy and water balance, sonic and one-propeller eddy correlation systems, interchanging Bowen ratio energy system, sap flow measurements, lysimeter) supported each other. b) Measurements of the evapotranspiration of the understory vegetation and of soil evaporation revealed that the understory is of considerable importance. c) Measurements of soil moisture with several methods are advantageous (not by the gravimetric method only). The fair weather conditions during HartX favoured the measurements considerably. We discuss the long term measurements of the energy and water budget terms (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) in connection with the HartX measurements. Thus we yield one important question. During HartX the pine forest evaporated about as much as the long term mean because it had a high soil water availability and extraordinarily favourable atmospheric conditions for evapotranspiration. A grass surface in the neighbourhood evaporated nearly double the amount of water under equivalent atmospheric conditions and smaller amounts of net radiation. The soils of both sites are nearly equal. A possible different gain of water due to dew formation at both sites cannot explain the great differences in evapotranspiration because the dew quantity is small in energy terms and occurs only during a few nights (Hofmann, 1955; Kessler, 1985a) .
We interpret this unexpected behaviour of the forest as follows. For more than 30 years the pine forest has been adapted to the natural environment, its sapflow systems in particular. Obviously the water conduction systems of the trees reached the upper limits of their efficiency during the extraordinary weather conditions of HartX. The evapotranspiration could not be enhanced further.
To be able to model realistically the soilvegetation-atmosphere system this limit should be known. Obviously it is difficult to determine the upper limit of evapotranspiration because the appropriate atmospheric conditions are rare in general and apart from this the data base which is necessary can be provided only by long-term measurements. Moreover this limiting value is unique and cannot be derived from other ecosystems easily. In this respect the weather of HartX was both fortunate and fortuitous.
The example shows further that the concept of "potential evapotranspiration" which is often practically used to determine actual evapotranspiration values is questionable when supported only by the atmospheric conditions and the soil moisture.
With respect to the discussion of "Global Change" the comparison of the longterm measurements with the HartX data at the Hartheim site showed that it is desirable to begin to monitor not only the primitive elements of climate (temperature, precipitation etc.) but also parameters of physical climatology (all components of the radiation, energy and water budgets) at least at a few ecosystems. The reasons for changes in ecosystems in the future can be detected only by means of such data sets. Besides the long-term measurements of physical climatology parameters we need long-term monitoring of biometric parameters because their natural and man-made changes influence the energy and water budgets.
